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SINGLE-STAGE EXPERIMENTAL EVALUATION O F  BOUNDARY LAYER 
BLEED TECHNIQUES FOR HIGH LIFT STATOR BLADES 
I C O M P R  ESSOIi DESIGN 
M. L. Miller and D. C. Chapman 
Allison Divisi.on, GNI 
SUM MA.RY 
Three stator blade se ts  were designed for use in investigating the effec- 
tiveness of boundary layer  control by bleeding a s  a means of reducing losses  
and increasing stal l-free range for highly loaded a x k l  flow compressor  
blading. The concepts studied may be appl.icable to either rotors  o r  s ta tors .  
This study, however, was limited to  s ta tors  to minimize mechanical prob- 
lems.  An inlet guide vane and state-of-the-art flow generation ro tor  were 
designed t o  produce the stator inlet flow. The s ta tor  hub inlet Mach number 
was 0.75, the stator hub inlet flow angle was 54 degrees,  and the s ta tor  
hub-to-tip rat io was 0.70. These values were considered to  be repre -  
sentative of middle and lat ter  stages of highly loaded axial flow com- 
p ressors  
The stator blade section selected was a 65-series thickness distribution 
with a c i rcular  a r c  meanline shape. Available low speed cascade data was 
extrapolated to determine blade camber  and setting angles. The f i r s t  s ta tor  
w a s  designed for a hub blade element diffusion factor of 0.65 ( 3 8 . 8  degrees  
of turning) and the second and third s ta tors  were designed for hub blade ele-  
ment diffusion factors of 0.75 ( , ~ 4  degrees of turning). A single slot was 
designed for the f i rs t  and second s ta tors  and a t r iple  slot was designed for 
the third stator.  
Boundary layer analyses were made to  predict boundary layer growth and 
points of separation using pressure  distributions that were obtained f rom ex- 
trapolation of cascade data. Slots were designed t o  remove a portion of the  
boundary layer air by bleeding. Boundary layer air is bled through the span - 
wise slot o r  slots  in the suction surface of the blade into the vane core  and 
is extracted through the hollow tip trunnion to  an  external vacuum header. 
The  slots a r e  formed by a simple planar cut of constant: width with the mini- 
mum mechatlically feasible inclination of 45 degrees to  the local surface 
tangent. 
Advanced airbreathing propulsion systems require lightweight coxrnpnct 
compressors capable of high levels of performance. These compressors 
should have a broad range of operation and a large stall margin. High re- 
liability and relative insensitivity to inlet flow distortion are  generally re-  
quired of all compressors. In meeting the more de~na~iding compressor de- 
sign requirements, compromises must be made that are  strongly dependent 
on the particular appiication. Mew applications are  steadily increasing the 
range of requirements which the compressor must meet. 
Compressor technology has been advanced continuously by extending, 
among other parameters, the usable rotational speeds, increasing stage 
loadings or diffusion factors, and reducing stage length through the use of 
high blade aspect ratios. m e r e a s  further advancements can be made 
through optimizations and improved combinations of the aforementioned 
parameters, severe aerodynamic limitations such as increasing losses 
and decreased stall margin a re  being encountered. Significant advance- 
ments in compressor technology require the application of advanced con- 
cepts in terms of improved blading for high flow Mach numbers and applica- 
tion of high lift devices to extend the stall-free flow range for compressor 
rotore and stators. Advanced concepts in these areas may result in sizable 
reductians in the number of comprestror stages and improved compressors, 
depending on the requirements of the application. 
Limiting values of blade loading ~ q d  angle of attack are  associated with 
steep blade surface pressure (or velocity) gradients and separation of the 
suction surface boundary layer. Separation ofthe suction surface boundary 
layer can be delayed by removing the low energy portion of it by means of a 
bleed slot o r  slots,  In view of these considerlations, an experimental single- 4" 
stage compressor r ig  was designed and constructed to  tes t  highly loaded 
s ta tors  using boundary layer bleed concepts to reduce losses  and improve 
stall-free law margin. 
The objectives of this program are to establish experimentally the 
feasibility and extent of increasing blade loading and stall-free flow margin 
by boundary layer  bleed. .A secondary objective is to  obtain blade ele- 
ment data for design use. Three slotted stator designs a re  to be made which 
are representative of those for middle and latter stages of highly loaded 
axial flow compressors. Stator inlet flow is to be generated by a state-of- 
the-art flow generation rotor. This report presents the details of the aero- - 
dynamic and mechanical design of the facility and the three slotted stator 
configuratiolns. 
A s imi lar  program using blowing boundary layer  control on highly loaded 
stators wi l l  also be tested on this compressor rig. The design of those 
s1:ators is reported in Reference 1. I 
SYMBOLS 
Meanline shape definition and sound velocity, f t l s e c  
Area, ft2 
Solidity exponent in deviation equation 
Airfoil chord, in. 
Correlation factor = 8.42, Equation (6), degrees  
Specific heat of a i r  at constant pressure ,  ~ t u / l b , - ' ~  
Drag coefficient 
Camber level, expressed in t e r m s  of isolated airfoil  lift co- 
efficient 
Wake m ~ m e n t u m  difference coefficient 
Equiva.lent diffusion rat io 
Diffusion factor 
Compressibility correction, degrees  
Secondary flow correction, degrees  
Gravitational constant, 32.2 ft-lb,/lbf-sec2 
Height of bleed slot, in. 
Enthalpy change ac ross  rotor ,  ~ t u l l b ,  
Boundary layer form factor 
Incidence angle based on mean zamber  line, degrees  
Mechanical heat equivalent, 778 ft-lbf / ~ t u  
Empirical constant, Equation (8) 
Bleed slot aspect rat io coefficient 
Bleed slot flow coefficient 
Deviation correction for blade other than 65-series 
Deviation correction for blade thickness,other than 10% 
Lax Axial  projected chord, in, 
Slope of deviation angle variation with inlet flow angle for unity solidity 
Mass flow ra te ,  lb,/sec 
Mach number . 
Denominator in exponent of velocity profile, Equation ( 18), and 
number of blades 
Rotational speed, r p m  
Cascade throat dimension, in. 
Static pressure,  psia 
Total pressure ,  p s i a  
Dynamic pressure ,  psia 
Normal induced velocity component, ft / sec  
Radius, in. 
P ressu re  ratio 
Reynolds number 
Gas constant, 5 3 . 3  lbf-ft /lb,-OR 
Airfoil surface pressure  coefficient, (Pt2-p) /q2,  dimensionless,  
o r  entropy, Btu/lb,-OR 
Blade spacing, in. 
Thickness-to-chord rat io 
Static teniperature, OR 
Total temperature, OR 
Suction surface velocity, f t  / s e c  
Wheel tangential velocity, ft / see  
Air velocity, ft / sec  
Compressor  airflow, lb,/sec 
Distance along chorli ,  in. 
Coordinate normal to suction surface 
Greek 
Angle of attack o r  streamline slope, degrees 
A i r  angle, degrees 
A i r  turning angle, degrees 
Ratio of specific heats 
Blade chord angle, degrees 
Boundary layer thickness, ft, o r  rat io of total p ressure  to stan- 
dard sea  level pressure  of 2116 .2  psfa 
Displacement thickness, f t  
Deviation angle, degrees 
Deviation angle for 65-series airfoil with ze ro  camber  and 1070 
t / c ,  degrees 
Viscosity, lb,/ ft-sec 
Adiabatic efficiency 
Momentum thickness, ft, o r  rat io of total temperature  t o  standard 
s e a  level temperature of 518.6"R 
Blade metal angle, degrees 
Density, lbm /ft3 
Blade row soiidity, c 1s 
Camber angle, degrees 
Angle of inclination between center  line of bleed slot and 
tangent to suction surface, degrees 
Loss  coefficient 
Subscripts 
A Annulus 
b Boundary layer bleed 
BL Boundary layer 
BLC Boundary layer control 
C C o r r ~ c t e d  o r  coml~ressibility 
c h  Choking condition 
des Design 
E Stator equivalent inlet flow angle 
e Edge of boundary layer 
H Hub section 
i Incompressible o r  reference station 
Mean stre;.mline 








t Evaluated at an isentropic stagnation point in the f ree  s t ream 
v Constant axial velocity condition 
WBLC Without boundary layer control 
z Axial direction 
8 Tangential direction o r  based on momentum thickness 
6 
0 Guide vane inlet 
1 Rotor inlet 
2 Rotor exit o r  s ta tor  inlet 
3 Stator exit 
Superscripts 
I Relative value 
:# Sonic conditions o r  minimum !oss 
OVERALL AERODYNAMIC DESIGN 
The requirements of the contract were to produce s ta tor  flow conditions 
and loading that would typically occur in the middle o r  lat ter  s tages of a 
highly loaded compressor.  Initially, a multistage com,3ressor design 
analysis was made to ensure that the stator  design chosen was compatible 
with requiremznts of a multistage machine. The test  stage was then de- 
signed with the stator  blade row a s  the research  blade. The inlet guide vane 
and flow generation rotor  were designed within current  s tate of the a r t  to 
p r o d ~ c e  the desired flow into the stator .  Stator loading can be increased by 
decreasing the solidity, diffusion of axial velocity, o r  by increased turning. 
The f i rs t  two techniques, however, a r e  not considered representative of good 
design practice. Therefore, for this study, high s ta tor  loading was achieved 
by means of high turning. To avoid excessive rotor  loading o r  turning past 
the axial d i rect io:~ by the stator ,  inlet guide vanes were used. 
The initial s tep in the design process was the selection of the basic de- 
sign variables. Next, loss correlations were established for the inlet guide 
vane, rotor ,  and stator  vane rows. Velocity diagrams were then calculated 
by an iteration between velocity diagram values and blade losses .  Finally, 
the blade gecmetry in t e r m s  of blade camber and setting angle was determined. 
SELECTION OF BASIC DESIGN PARAMETERS 
Prel i r r~inary studies were conducted to determine design specifications 
which would be representative of the middle o r  lat ter  s tages of advanced 
compressors  and to determine what form of velocity diagram would best 
satirsfy the desigr; requirements. M-~l t is tage compressors  with four tip 
speeds were investigated in this study, each having an overall  p ressure  
ra t io  of 9:l. Tip speeds were 950, 1050, 1150, and 1250 f t / s ec  and the com- 
p resso r s  considered for each tip speed were a s  follows: 
5 stage, 1. 55 average stage pressure  rat io 
6 stage, 1.442 average stage pressure  rat io 
8 stage, 1 . 3  16 average stage pressure  rat io (except at  950 ft / sec)  
Compressor  tip diameter  was 30 inches. Velocity diagrams were com- 
puted using f r ee  vortex design anu axial entry into each rotor.  F r o m  these 
analyses, the pertinent values of a middle stage were examined. Stages 
selected for comparison were those with a s ta tor  inlet hub-to-tip radius 
ratio of approximately 0.7. 
Results of the study a r e  shown in Figure 1, where both s ta tor  hub and 
r ~ t o r  tip diffusion factors a r e  plotted against the pressure  ra t io  of the stage 
irl question, Solidity values assumed were  1.0 at  the rotor  t ip and 1.9 at the 
stator  hub. The heavy dashed line in Figure 1 is the locus of rotor  tip dif- 
fusion factors required to produce a s ta tor  hub diffusion factor of 0.75, The 
valuzs range f rom 0.7 a t  a tip speed of 950 f t l s ec  down to 0.59 a t  a tip 
speed of 1250 ft /sec.  Corresponding s ta tor  hub Mach numbers and turning 
angles a r e  shown in Figure 2. 
On the basis  of this analysis, the s ta tor  hub Mach number for this study 
was chosen to be 0.75. Two s ta tor  hub diffusion factors  were  selected- 
0.65 and 0.75. Tip diameter  of the tes t  compressor  was chosen to  be 30 
inches and is constant ac ross  the inlet guide vane, rotor ,  and s ta tor  vane. 
NACA 63- 0% airfoil  sections were used for the inlet guide vane and double 
circular  a r c  airfoil  sections for  the rotor .  The 63-ser ies  sections were 
selected because of the availability of blade element design data and the 
double c i rcular  a r c  sections for  the blades because of thei r  bet ter  perfor- 
mance in the transonic range. 
Design of the high lift s ta tors  necessitated the use of available cascade 
data. Therefore, the 65-series airfoil section was selected. The 65-series 
section is compatible with the upper level of 0.75 inlet Mach number. To 
define incidence and deviation angles quantitatively, the c i rcu lar  a r c  mean- 
line was selected for designing the s ta tor  airfoil  sections. 
LOSS DETERMINATION PROCEDURES 
Inlet Guide Vane Loss  Correlation 
The inlet guide vane is based on the basic NACA 63-006 airfoil  because 
of the availability of cascade data. Inlet guide vane losses  were calculated 
from the wake momentum difference coefficients (CW ) of Reference 2. Wake 
1 
momentum thickness coefficient may be calculated f rom wake momentum 
difference coefficient as follows: 
The total pressure loss coefficient, o , may then be calculated from the 
wake momentum thickness coefficient by the relation: 
where H I  is the wake form factor for which a value of 1.08 was used. 
Rotor Loss 
The selected total loss coefficient distribution for the rotor is shdwn in 
Figure ?. This distribution of loss is based on an existing compressor having 
very simi design values of blade loading and tip speed. Total pressure 
loss coefficients shown in Figure 3 a r e  measured values of unpublished test 
results. 
Stator Loss Correlation 
Stator losses at design conditions were derived from Lieblein's work on 
equivalent diffusion ratio in Reference 3 .  The equivalent diffusion ratio at 
minimum loss is calculated a s  follows: 
Assuming the rapid r ise  in mornenturn thickness coefficients for values 
of D& greater than about 1.9 is caused principally by separation, it  was 
further assumed that with a practical method of boundary layer control 
momentum thickness coefficients at a given Dgq could be held to the lowest 
measured values. In Figure 4, the upper curve represents the mean of the 
data by which Lieblein correlated momentum thickness with Dgqa The l ~ w e r  
curve is a line drawn through the lower edge of the data scatter; this line 
is assumed to represent momentum thickness a s  a function of D: 
fective boundary layer control for a two-dimensional cascade. T xwith e corre-  ef  
sponding total pressure loss coeff'icient may then be calculated from Equa- 
tion (2) (upon replacing SuLscripts 0 and l by 2 and 3 )  in which H3 is the 
stator wake form factor for  which a value of 1.08 was used. This loss coef- 
ficient is considcred representative of two-dimensional cascade losses with 
boundary layer control. Losses for two-dimensional cascades and annular 
cascades from Reference 4 for various locations a r e  compared in Figure 5 
a s  functions of diffusion factor. It is possible to obtain the ratio of annular 
to two-dimensional losses for a given radial position by entering the curves 
in Figure 5 at the diffusion factor of the cascade with boundary layer control. 
The two-dimensional loss coefficient obtained from Equation (2)  is multiplied 
by the foregoing ratio to obtain the final profile loss coefficient representative 
of the annular cascade with boundary layer control. 
VELOCITI DIAGRAM CALCULATIONS 
Velocity d iagrams were calculated by a n  axisynlmetr ic  c:bmpressor 
analysis which accounts for  curvature  and entropy gradient t e r m s  in the 
radial  equilibrium solution. The ca1r:ulation procedure i s  described in the 
Appendix. 
The design velocity d iagram calculations were  accomplished assutning 
no end-wall bleed. The decision to ignore end-wall bleed in the design was 
based on the possibility that wall bleed may not be required during tes t .  The 
effect of wall bleed on diffusion through the s t a t o r s  was examined and was 
foun! ?o give only a 2 to 370 inc rease  in s t a to r  diffusion fac to rs  for  wall 
bleed r a t e s  to  370 of compressor  inlet flow on each  wall. Boundary l ayer  
blockage fac to rs  used were  0. 995 a t  inlet to  the inlet guide vanes, 0. 985 a t  
ro tor  inlet, 0. 975 a t  s t a to r  inlet, and 0. 965 a t  s t a to r  exit.  All blockage 
was assumed to  be at the hub. The ro to r  is designed fo r  nearly constant 
total p r e s su re  r i s e  radially. The radia.1 variation of ro to r  energy addition 
is shown in Figure  6. 
Design velocity d iagrams for  guide vane, ro to r ,  and s t a t o r s  a r e  shown 
in Figures  7, 8, and 9. The ro to r  t ip  speed is 1095 ft / s ec  and the t ip  dif- 
fusion factor  is 0.414, based on the t ip  solidity value of 1.35. Diffusion 
fac tors  at  the o ther  ro tor  stations a r e  a l so  near  0.4 and a r e ,  therefore ,  
well within s t a t e  of the a r t  to ensure  good ro to r  operation. The resul tant  
inlet guide vane and s t a to r  radia l  loss dis tr ibut ions a r e  shown in F igu re s  
10a and 11, respectively. 
The flow path is shown in Figure  12. Rotor inlet hub-tip radius  ratio 
is 0. 68 compared to the 0. 7 value at  s t a to r  inlet. With the blade aspect  
ra t io  of 1.66, the hub r a m p  angle is low and curvature  effects a r e  smal l .  
Final design values far the flow generation ro to r  a r e :  
N@ = 8367 rprn 
The s tage  design values fo r  the 3 .75  Df stator are es t imated at  Rc = 
1. 35 and 1) = 85. 5%. For the 0. 65 Df stator, the design values  a r e  Rc = 
1. 355 and 9 = 86.4%. 
INLET GUIDE VANE: DESIGN 
The NACA 63-006 airfoil was selected because of the availability of 
cascade data. The guide vane design i s  based on frct- vortex tangential 
velocity distribution in the direction of rotor  rotation and corlaections a r e  
included for compressibility and secondary flow effec~ts. Design point for 
the inlet guide vane i s  w,@/s = 88. 2 l b l s e c  at an inlet Mach number of 
0. 389 and mean radius design turning of 23.  86 degrees.  
Compressibility effects were established for each blade element using 
the method of Reference 5. The correction for compressibility, which i s  
applied to the design flow turning angle ( P I ) ,  is given by: 
where: 
V z l  tan 4 ,  i 
tan ' 1 ~  = (%) tan p l V  tan p i  
Equation (5) describes the relation between an incompressible and com- 
prgessible flow condition across  the blade element and is shown schematically 
in Figure 13. If no other flow effects were to be considered, the guide vane 
design camber  would be based on the turning given by 
- PO. C 
Secondary flow effects were established for each blade clement using 
the mqthod of Reference 6. The cor*rection for secondary flow which is ap- 
plied to the design flow turning angle is given by: 
- 
=',SF - p1 = c tan-' (qn /v l )  
A correlat ion factor "c" of 0 . 4 2  was used which was the empirically de- 
veloped value of Reference 6. Boundary layer thicknesses at the guide vane 
inlet a r e  required to evaluate the normal induced velocity component. These 
were determined using a turbulent boundary layer growth calculation based 
on the method of Culick and Hill in Reference 7. An 8-foot long section was 
assumed between the bellmouth and the compressor  inlet tip section and a 
conventional bullet nose upstream of the hub section. 
Once the compressibility and secondary flow correct ions a r e  determined, 
the guide vane camber is determined based on the corrected design flow turn- 
ing angle for the blade element, given by: 
Blade (*amber and angle of attack can then be obtaineci from Reference 2 
for the corrected design flow turning and solidities. 
A summary of aerodynamic and airfoil zeometry data is given in Table 
Ia for the inlet guide vane. Thirty-four vanes a r e  required. 
ItOTOR BLADE: DESIGN 
Double circular arc blade sections were chosen for the rotor blades. 
The design values of inlet Mach number range up to 0 .95  and double circular 
arc. profiles a r e  preferred to 65-series profiles at that Mach number level. 
The sections *,yere designed on a plane normal to the stacking axis, which 
for this blade is a radial line which passes through the center of gravity 
of each blade section. 
The blade chdrd w a s  chosen to produce a smooth flow path a s  well a s  a 
conse rva t i~ l~  rotor aspect ratio. The blade chord is 2 . 8 7 5  inches and is 
constant from hub to tip. Rotor aspect ratio based on inlet blade height 
is 1. 66. 
Rotor solidity was chosen to be the maximum value attainable com- 
mensurate with minimum blade thickness which fulfilled mechanical r e -  
quirements and provided sufficient flow margin at all radial stations. 
Solidity and thickness-to-chord values respectively range from 1.37 and 
0.032 at the tip to 1. 97 and 0.078 at the hub with calculated choke flow 
margins of 6.2% at the tip and 12.0% at the hub section. Forty-five blades 
are  required. 
Incidence angles for all radial stations of the rotor blade were chosen 
to be zero degrees with the mean camber line. The choice of this inci- 
dence level and the constant value hub to tip was  based on Allison ex- 
perience on similar designs. 
Deviation angle was estimated by a modified Car ter ' s  rule: 
Deviation ranged from 4.6 degrees at the tip to 7.8 degrees at the hub 
section. Resultant camber and setting angles a r e  listed in Table 11. 
STATOR BLADE DESIGN 
The stator loading levels imposed by the design velocity triangles a r e  
expected to result in separated flow at some, if not all, radial stations of 
conventional s ta tors ,  The objective of this  program is t o  design s t a to r s  with 
boundary layer  cont .~ol  devices of the bleed type which will achieve the de- 
s i red  levels of turning without the high losses  associated with separated flow. 
The p ressu re  distribution around the airfoil surfaces must be established to  
design the boundary layer  control slots. In addition, the design incidence 
angle and deviation angle must be established t o  define the  airfoil. 
A review of available procedures led to the conclusion that the most 
expedient means of determining the aforementioned required data was to 
extrapolate existing low speed cascade data. The most extensive cascade 
data available was for the NACA 65-series airfoils.  T1:e Mach number level 
of the s ta tors  was compatible with this airfoil; therefore, this airfoil was 
chosen for the stators.  The cascade data were obtained for  airfoils with 
a = 1 meanline. Circular  a r c  meanlines have been chosen for th i s  application 
because of the eas ie r  identification of incidence and deviation angles in the 
tes t  program. Inaccuracies attributable to the differences in the two mean- 
lines were considered to be l e s s  significant than those introduced by the 
extrapolations of the cascade data. The cascade data, on which these s ta tor  
designs were based, were taken f rom Reference 8. 
Deviation Angle o r  Flow Turning 
The analysis of deviation angle o r  flow turning angle with boundary layer  
control began with c r o s s  plots of flow turning angle versus  lift coefficient 
from the cascade data of Reference 8. These plots a r e  shown in Figures  
14, 15, and 16. Also shown on these plots a r e  the ideal flow turning line 
(zero deviation angle), the flow turning resulting f rom the deviation angle 
predicted by the NACA deviation angle rule,  and the f i r s t  approximation for  
flow turning with boundary layer control. Deviation angle a s  computed by the 
NACA ru le  i s  given by: 
The third t e r m  on the right hand side of Equation (9) was neglected, 
since i t s  effect is negligible for  solidities much above I .  2. 
Flow turning angle, Af l ,  is then defined by: 
Examination of Figures  14, 15, and 16 indicates that the flow turning 
predicted through application of the NACA deviation angle rule  at zero inci- 
dence f i ts  the cascade data very well in the normal ranges of camber  and 
solidity but that the actual deviation is greater  when the curves  a r e  zxtra-  
polated t o  the higher camber  angles. 
The f i rs t  approximation for flow turning angle with boundary layer cc-I- 
t ro l  was based on the assumption that the deviation angle that would be ob- 
tained without boundary layer control would be reduced by 50% by the appli- 
cation of boundary layer control. That is: 
where: 
8' BLC = deviation angle with BLC 
8' WBLC = deviation angle without BLC a t  zero incidence (cascade 
data value) 
Comparing the f i r s t  approximation line with the NACA deviation angle 
ru le  line in Figures 14, 15, and 16 indicates that at a turning angle of about 
50 degrees (representative of the turning of the 0.75 Df stator) ,  the differ- 
ences between the two lines a r e  comparatively small. At a turning of about 
30 degrees (representative of the turning of 0.65 Df stator) ,  the flow turning 
degradation due to gross  flow separation is not large a s  indicated by the 
agreement between the NACA deviation angle rule and the cascade data. 
The NACA deviation angle rule, therefore, was selected a s  the means of 
estimating flow turning with boundary layer control. 
A typical example of the estimated improvement in s ta tor  flow turning 
due to maintaining an attached boundary layer by BLC is shown in Figure  17. 
The flow turning values for no ELC were taken from the extrapolated data of 
Figure 16. The curves indicate that, for  the given conditions, it is antici- 
pated that the flow turning could be improved f rom 40 to slightly over 60 de-  
g rees  by the application of BLC. Also shown in  Figure 17 is the estimated 
reduction in s ta tor  loss due to BLC. The minimum. loss  values were ob- 
?k tained f rom the 0 /c  versus  D, curves of Figure 4 nnd corrected for  three-  
dimensional flow effects using ? he data of Figure 5 as  outlined in the s ta tor  
l o s s  analysis procedure. The shape of the l o s s  curve for no BLC (Figure 17) 
was  determined from the extrapolated cascade d rag  coefficient data of 
R,eference 8, shown in Figure 18. This  curve, along with the assumption 
that minimum l o s s  will occur at zero  incidence and the flow turning curve, 
was  used in the l o s s  bucket estimation for  the stator  airfoil sectlsn with 
BLC. 
Design Incidence 
Initial s ta tor  vane designs using the selected deviation angle rule and 
the assumption of zero design incidence angle indicated that leading edge 
region velocity peaks were possible at  zero  incidence angle for  blades having 
l a rge r  camber. For  this discuasion, leading edge region is defined a s  0 to  
5% chord. Estimated pressure  distributions obtained a s  described in  this  
report  in the P ressu re  Distribution section indicated that boundary layer  
serarat ion could occur well before 5070 chord. This type of velocity dis-  
tribution is not expected to  respond well  to a bleed boundary layer  con- 
t ~ o l  device which i s  primarily intended to delay s ~ p a r a t i o n  and reduce 
losses near design incidence. To  counteract separation on the forward par t  
of the blade, the bleed slot location may be required to be upstream of o r  
at the throat, which is aerodynamically not desirable.  
To obtain a satisfactory est imate for design incidence angle, the c a s -  
cade data of Reference 8 was analyzed to obtain the incidence angle for  the 
onset of leading edge velocity peak and stalling incidence, defined a s  twice 
the rr~inimum drag, a s  shown in Figures  19, 20, and 21. It will be appreci-  
ated that the cascade data is subject to a cer ta in  amount of interpretation, 
particularly in the choice of angle for onset of leading edge velocity peak. 
Insofar a s  possible, this was chosen to be the angle at which the leading 
edge region (0 to 5% chord) p ressu re  coefficient had just become the highest 
value recorded on the blade surface. F o r  highly cambered blades, the r i s e  
of leading edge pressure  coefficient appears to occur very rapidly for  smal l  
ins r e a s e s  in incidence angle thereafter.  Consequently, the angles given in 
Figures  19, 20, and 21 do not represent  the maximum values of incidence 
for prospectively effective boundary layer control use but incidences which 
a r e  close to the maximum. 
Interpolating between the data of Figures  19, 20, and 2 1  for the 0. 75 
diffusion factor vane hub, an estimated incidence versus  camber  fa r  the 
onset of leading edge velocity peak can be obtained. The resul ts  a r e  shown 
in Figure 2 2  by the solid curve for  the s ta tor  hub inlet flow angle of 53. 9 
degrees and solidity of 1.7. To est imate the required incidence and camber  
for the 53. 9-degree flow turning at  the s ta tor  hub, the NACA deviation angle 
rule is used for  calculating deviation with boundary layer control. Combining 
Equations (9) and (10) and neg1ectir.g the d 8'1di t e r m  yields: 
Since comparisons between the f i r s t  approximation and NACA deviation 
angle rule,  a s  shown in Figure 14, 15, and 16, were not made a t  incidences 
other than zero  degrees, two methods of application were tried. This ap- 
proach w z s  selected in place of making comparisons at  other incidence 
values since the accuracy of the extrapolation to cambers  on the o rde r  of  80 
degrees is marginal. 
Method 1 was definedoconsistent with a zero-degree incidence condition, 
wherein m,,l, b, and (8,) were varied by adjusting the inlet flow value 
by the incidence change. $09 example P2 = 53. 9' at  i = 0' and P2* = 57.9' 
a t  i = -4'. Results of this calculation a r e  shown in Table IIIa and plotted 
a s  the broken curve in Figure 22. The intersection of the solid aed broken 
curves gives the required blade camber which for the 0.75 Df stator hub 
gives an incidence of -3 degrees with a value of C L ~  = 2.86 and an equiva- 
lent circula-r a r c  camber of 72 degrees. 
Method 2 is the defined approach of the NACA deviation o angle rule in 
Reference 4. That is, the values of m,.l, b, and ( SoblO remain fixed at 
P2 = 53.9'. Results of this calculation a r e  shown in Table IIIb and plotted a s  
the dashed curve in Figure 22. The intersection of the solid and dashed 
curves gives the required blade camber which for the 0.75 Df stator hub 
gives an incidence of - 1.8 degrees with a value of C L ~  of 2.75 and an equiv- 
alent circular a r c  camber of 69.2 degrees. 
Considering that much interpretation, interpolation, and extrapolation 
was required at these high cambers  to  obtain the solid curve in Figure 22, 
the difference of 1 . 2  degrees in incidence and 2.8 degrees in camber is 
considered well within the accuracy of the calculations. The value from 
Method 1 was selected, however, since it resulted in greater deviations or  
higher camber which places the design values on the conservative side. 
The initial blade design for this stator hub indicated choking incidence 
at  -6 degrees at a C L ~  = 2.74. Calculations show that the choke incidence 
angle of highly cambered blades discussed herein wi l l  not change sign!! i- 
cantly with a moderate change in camber. Therefore, it is assumed that 
this stator wi l l  choke at  an incidence angle of approximately -6 degrees;. 
Based on experience with previous stage designs of this type, it is con-. 
sidered that the incidence angle operating range between choke and onset of 
leading edge velocity peak should be approxim2tely 6 degrees. Figures 20 
and 2 1  indicate an available range of 1 to 2.3 degrees between stal l  and on- 
set  of leading edge velocity peak at a lift coefficient of 2.88 and solidity of 
1.5. The increased solidity of the stator hub section would be expected to 
increase that range somewhat. A value of 3 degrees seems reasonable for 
the incidence angle i - ge between s ta tor  stal l  and onset of leading edge 
velocity peak for the h ~ o  section of the 0. 75 Df stator.  Therefore, the de- 
sign incidence for the 0.75 Df stator of -3 degrees was confirmed as a 
reasonable choice. 
Identical interpolation procedures using Method 1 for deviation angle 
determination were followed for  the 0.65 Df hub section to estimate design 
incidence angle. The results  obtained indicated that design incidence re- 
quired would be about 7 to 10 degrees. These resul ts  were considered un- 
realistic and due in part  to  the fact that velocity decelerations across  the 
vane row in the stationary cascade were not typical for the high inlet flow 
angle. That is, the stator row blade sections are not required to turn the 
flow back to the axial direction for this  diffusion factor. Therefore, it w a s  
decided to select the 3-degree incidence angle change far operating range 
away from the choke incidence condition. Since initial choke incidence 
7 "  $ 
angles were determined to be zero degrees for the 0.65 Df hub stator section,, 
the design incidence angle was selected a s  + 3  degrees. 
Allison design experience indicates and supports a constant design in- 
cidence angle selection spanwise on the stator vanes a s  on the rotor blades. 
The resultant stator airfoil design sections a r e  summarized in Table IV. A 
constant thickness of 1070 was selected for all  sections since it gave minimum 
thickness with sufficient core area for boundary layer control mass transfer 
flow rate  requirements at a 3-inch chord with a hub solidity of 1. 705. Thirty- 
eight stator vanes a r e  required. 
A s  stated previously, deviation angle determination by Method 1 resulted 
in higher camber of the stator vane relative to Method 2. For  comparison 
purposes, the stator outlet flow angles determined by Method 2 using the 
inlet flow conditions and airfoil section properties from Table IV a r e  given 
in Table V. Calculated results show a higher turning of 3 .6  to 4 . 3  degrees 
for the 0.75 hub Df stator and 1.0 to 1. 7 degrees for the 0. 65  hub Df stator 
by Method 2. 
'? 
FLOW RANGE ANALYSIS 
Fulfillment of the test requirements of this task necessitates testing 
the stators over their stall-free operating range ( L e e ,  from stator choke 
to stator stall). Therefore, it was necessary to determine i f  the flow gen- 
eration rotcr was capable of providing stable flow to the stators over this 
full range. 
Estimated rotor performance with the inlet guide vanes is shown in 
Figure 23. Data for the estimated efficiencies were obtained from unpub- 
lished test data. The limits of each speed line in Figure 23 a r e  taken a s  
the stall and choke points of the rotor at that speed. 
The inlet angle at which the stator chokes was calculated using the 
following formula: 
The product of AIA* and 01s represents the ratio of the ideal ap- 
proach width-to-vane spacing for  choking conditions. An empirical factor 
of 0.95 accounts for real  flow effects. Choke incidence angle was then 
computed from: 
Choke incidence values were computed at hub, mean, and tip for both 
stators, The results a re  summarized in Table IV. 
An extrapolation of cascade data from Reference 8 was also used to 
determine the stal l  margin of both stators.  Plots of a i r  turning angle a s  
a function of incidence angle were made for cascades representative of the 
stator sections. This data determined the shape of a curve drawn through 
the design incidence and design a i r  turning angle coordinates for the stator 
section in question. Curves of this nature a r e  demonstrated in Figures 24 
and 25. The hub section of each stator was assumed to  control the s ta l l  
lirnit. In Figure 24, the maximum a i r  turning angle for the 0.65 Dc A stator 
is seen  to occur at ah incidence angle of 8 degrees and the angle range be- 
tween the design point and stall  is shown to be approximately 5 degrees. 
The choke ends of the qurves deviate f r ~ m  the cascade data to reflect the 
choking characterist ics of the stator as calculated from Equations (13) and 
(14). Figure 25 illustrates t h . .  results  of this technique for the 0.75 Df 
stator.  There is no clearly defined maximum turning angle from this data 
extrapolation. Therefore, s tal l  is assumed to occur when the loss is equal 
to twice the minimum loss. The stal l  incidence values a r e  summarized in 
Table IV. 
To relate the rotor  limits to stall  and choke l imits  of the stator,  a 
simplified analysis based on mean radius characterist ics was employed. 
It w a s  assumed for this anc'.ysis that the devi.ation angles for the inlet guide 
vanes and rotor  were constant over the range of speeds and flows. 
Rotor inlet axial velocity was assumed constant radially at values cal-  
culated from the rotor inlet area ,  inlet guide vane exit conditions, and the 
weight flows from Figure 23. The combination of axial velocity, rotor  
blade speed, and guide vane exit conditions specified the rotor relative in- 
let conditions. These were calculated for tip, mean, and hub stations. 
E ~ e r g y  input in the rotor was assumed constant radially at the value cal- 
culated for the mean-radius station. Rotor exie' conditions were calculated 
using the rotor exit area,  blade speed, and efficiencies f rom Figure 23 and 
assuming axial velocity constant radially. F rom this information, s ta tor  
inlet air angles and Mach numbers were calculated for the tip, mean, and hub 
stations. This gave sufficient information to relate s ta l l  and choke charac-  
ter is t ics  of the stator to the stal l  and choke l imits  of the rotor.  
The indicated stator angle variation for changes in rotor  flow f rom de- 
sign incidence to the point of rotor s ta l l  are shown in Figure 26. The flow 
generation rotor  flow angle range capabilities shown on Figure 26a and b a r e  
greater  than the s ta tor  stal l  incidence angle range for the 0.65 o r  0.75 Df 
stator as indicated in Figures 24 and 25. Therefore, rotor stal l  should not 
res t r ic t  attainment of stator stall. 
At the choke end of the characteristic,  it is found that insufficient flow 
generation rotor  flow angle range capability is predicted at  low speeds. 
That is, the rotor  will possibly choke before either the 0.65 o r  0.75 Df 
stator chokes a s  shown in Figure 27. 
Rotor choke may not prevent attainment of choke angles of incidence for 
the stator.  However, rotor choking may result in severe  radial shifts of 
flow which would affect the stator operating conditions adversely. Another 
significant factor is that the test  facility discharges to the atmosphere and 
choke of the s ta tor  and/or rotor may be restr icted by the rotor p ressure  
rat io necessary to pass the flow through the system. 
On the basis of this study, it was decided that two se t s  of inlet guide 
vanes may be required to ensure complete coverage of the stator flow range 
st low speeds. The design inlet guide vane (initial se t )  will be used to ob- 
tain the major portion of the data and the off-design inlet guide vane (second 
se t )  wi l l  fill in the near choke region at  low speeds if required. 
OFF-DESIGN INLET GUIDE VANE DESIGN 
A study was conducted to determine the inlet guide vane turning require-  
ments which would provide sufficient flow range margin for the flow gen- 
eration rotor near  choke at low speed. An inlet vane which loaded the ro tor  
w a s  required and several  iterations on inlet guide vane flow turning levels 
indicated that a meanline flow turning of 8.86 degrees is satisfactory. 
Ektimated rotor performance with the off-design inlet guide vanes is shown 
in Figure 28. 
The design point for these inlet vanes was selected at a , w ~ @ / s  = 84. 5 
lb l sec  (an inlet Mach number of 0.37) and 80% corrected speed which pro- 
vided rotor* design incidence angle at the meanline station. The guide vane 
outlet whirl distribution is free  vortex and the design method used for de- 
termining the vane NACA 63-006 airfoil sections was identical with the 
method described in the Inlet Guide Vane Design subsection. Airfoil prop- 
c r t ies  for the off-design inlet guide vanes a r e  summarized in Table Ib and 
the loss coefficient distribution is shown in Figure 106. 
Range of the flow generation rotor with the off-design inlet guide vanes 
fo r  near choke conditions at low speed relative to stator requirements a r e  
more  than necessary for both stators.  Flow range resul ts  a r e  shown in  
Figure 29 for the 0.75 Df stator.  The 0. 65 Df stator results  a r e  not shown 
since Table IV shows that its flow range from design incidence to  choke in- 
cidence is less  than for the 0. 75 Df stator.  Although the s ta l l  flow range 
margin is reduced relative to the design inlet guide vane case, as shown in 
Figure 30, the indicated margin is sufficient for stal l  of both s ta tors  with the 
off -design inlet guide vanes. 
BOUNDARY LAYER CONTROL DESIGN 
It has been shown experimentally that boundary layer  bleed is a very 
effective means of preventing boundary layer separation in an adverse p res -  
sure  gradient. The mechanism of bleed is to  remove the  momentum deficient 
a i r  adjacent t o  the surface. This method of boundary layer control has been 
applied to the airfoil  surface requirements based on selected published r e -  
sult s . 
PRESSURE DISTRIBUTION 
Location of boundary layer separation and subsequent location and sizing 
of the bleed slot require computation of suction surface boundary layer  prop- 
er t ies ,  and these in turn depend directly on the static pressure  distribution. 
P r e s su re  distributions around the s ta tor  vane airfoil surfaces were ob- 
tained by interpolating and extrapolating available low speed cascade data 
from Reference 8. For  given chordal locations, plots of pressure  coefficient, 
S, as a function of C L ~  with lines of constant angle of attack were prepared 
a s  shown in Figure 31. Such plots were drawn to  define the pressure  co- 
efficients a t  leading edge, trailing edge, and at several  intermediate stations 
on both suction and pressure  surfaces. In addition, the peak pressure  co- 
efficient on each surface was defined as well a s  the location of the peak in 
t e r m s  of percent chord. The plots, Figure 31, were completed for several  
combinations of inlet a i r  angle and solidity to  be able to  interpolate to  the 
proper inlet air angle values and to interpolate and extrapolate to the proper 
levels of solidity. Linear interpolation and exltrapolation were used for both 
inlet a i r  angle and solidity. The final pressure  distributions for  the 0. 75 and 
0. 65 Df s ta tors  am shown in Figures 32 and 33, respectively. 
BOUNDARY LAYER GROWTH AND SEPARATION 
The location of the bleed slot along the chord of the vane is chosen in 
relation to the estimated point of boundary layer separation on the suction 
surface. The quantity of bleed air required to maintain an attached suction 
surface boundary layer  is also related t o  the properties of that boundary 
layer a t  the bleed slot. Hence, computation uf the suction surface boundary 
layer is essential t o  the determination of design values for bleed control of 
separation. 
Computation of the compressible turbulent boundary layer was made us- 
ing an  analysis based on Truckenbrodt's energy integral method. This  analy- 
sis computes the bouildary layer  history for two-dimensional flow, ei ther 
axisymmetric o r  planar. Analysis of the boundary layer  is based on an 
application of the turbulent analog of the Stewartson-Illingworth transforma- 
tion, as set  forth by Culick and Hill in Reference 7. 
The boundary layer history for the selected 0.75 and 0.65 s ta tor  hub 
diffusion factor s ta tor  vanes was computed based on the stat ic pressure  
distributions shown in Figures 32 and 33. It was considered sufficiently 
accurate to  assume that f ree-s t ream total pressure  was constant along the 
surface and equal to  the stator inlet value. It a lso was necessary to  assume 
that the estimated static pressure  distributions remain unchanged even 
though they reflect a separated boundary layer  condition which must change 
throughout the passage i f  bleed reattaches the boundary layer. 
A summary of the computed boundary layer incompressible form factor,  
Hi, is shown in Figures 34 and 35 for the 0.75 and 0.65 Df s ta tor  vane suc- 
tion surface at hub, mean, and tip streamline sections. The value of incom- 
pressible form factor for boundary layers  a t  the separation point w a s  estab- 
lished through a s e r i e s  of calculated boundary layer  histories for cascade 
data given in Reference 8. This study indicated a value of Hi = 2.2 a t  the 
separation point as compared with the usually accepted value of 1.8. This 
difference in separation point value of form factor may be due to  the fact 
that the boundary layer  theory employed herein has neglected vorticity 
transport  effects which a r e  considered to  be significant in the cascade flow 
passage. Fo r  this calculational scheme, the separation value of incompres - 
sible form factor was taken as 2.2. 
In the application of this transformation to  the control of the boundary 
layer  formed in the compressible flow around a compressor  blade, it is 
necessary to  transform that flow into an equivalent incompressible flow and 
to subsequently transform design results  back to  their  compressible counter- 
parts .  In this transformation the pressure  values correspond directly; total 
temperature is equal to  the compressible f ree  s t ream value; and incompres- 
sible flow density is evaluated at  Pt2 and Tt2. The values of length and 
velocity a r e  functionally related and the transformed values are unique. 
Relationships. describing properties of the equivalent incompressible flow 
and thus permitting calculation of the boundary layer  properties a re :  
The power law velocity profile exponent n has been correlated through 
momentum thickness Reynolds number. The values of n from Reference 7 
a r e  as follows. 
In studying control of the boundary layer by bleed, it was necessary to  
r es ta r t  the boundary layer history calculation just downstream of the bleed 
slot. To s t a r t  the calculation, boundary layer  parameters  a t  the res ta r t  
calculation point must be specified. With respect  to  the turbulent boundary 
layer program, these parameters consist of boundary layer edge properties,  
momentum thickness, and streamline length in the campressrble flow field. 
Calculation of these boundary layer param-eters after  bleed is based on an  
approximate analysis outlined in the following paragraphs. 
Compressible flow along an adiabatic wall is assumed with the power 
law velocity profile in the boundary layer. Figure 36 shows schematically 
the boundary layer  just upstream of a bleed slot, indicating both that portion 
of the mass  flow in the boundary layer which is t o  be removed by bleed and 
the remaining p o r t i o ~  of the layer which is assumed t o  constitute the new 
attached boundary just downstream of the bleed slot. Total mass  flow in a 
unit depth of the boundary layer and mass  flow bled away a r e  expressed as: 
and 
respectively. Compressible boundary layer  thickness is determined from 
unpublished data by Prof. H. H. Korst of University of Illinois wherein 
boundary layer  thickness has been correlated as a function of Me, H, and n. 
Following the assumption of an  adiabatic wall and Prandtl nurnber near unity, 
constant total temperature in the boundary layer  resul ts  in the following 
relationship of static temperature for  an  ideal gas: 
Equation (22) was used, along with the velocity profile, to evaluate the 
bleed flow a s  a function of yb /6 .  
The momentum thickness of the bled boundary layer just downstream of 
the slot ( o r  res ta r t  calculation point) was established using the expression: 
where the boundary layer thickness 8 is the value just upstream of the slot. 
After specifying the percent of mass  flow to  be bled from the boundary layer  
and hence yb, the momentum thickness B b  was evaluated using the power l a w  
velocity profile, the temperature relationship given by Equation (22) ,  and the 
value for .boundary layer thickness. 
With the ability to determine the necessary initial values of boundary 
layer  parameters  downstream of the bleed slot,  it is possible to  compute 
the history of this new layer to a separation point location o r  to  the trailing 
edge, whichever location is encountered first .  Bleeding off more  m'ass flow 
increases  the value of yb/6 and leaves the new layer  downstream of the bleed 
slot with l e s s  momentum deficiency. 
Since the turbulent boundary layer  analysis is baaed on the no-slip 
velocity condition at the wall, i. e. , when y = 0, n = 0 (Figure 36),  an in- 
compatibility is built into this approximate boundary layer  history assess-  
ment after bleeding. The remaining portion of the boundary layer after 
bleeding has  a finite velocity, Figure 36; however, with input values of 
boundary layer edge properties, velocity power law exponent, and momentum 
thickness after bleeding, the turbulent flow analysis effectively constructs a 
boundary layer with no slip velocity at the wall. This  new boundary layer 
has  a thickness of 8b which satisfies the momentum thickness Bb. There  is 
a lso  a unique displacement thickness given by: 
The effect of this inco~pa t ib i l i ty  on boundary layer growth af ter  bleed, 
with varying amounts of bleed, is difficult to establish analytically. It would 
require an extensive set  of calculations for a rb i t r a ry  static p ressure  gradients 
each with varying amounts of bleed. It is intuitive, however, that viscous 
dissipation can become a predominant factor as becomes small.  
SLOT DESIGN 
From a purely aerodynamic point of view, it is desirable to  locate the 
single-bleed slot for the 0.65 and 0.75 Df s ta tors  at the point of separation. 
While it is well known that a bleed slot can be effective even though located 
a considerable distance downstream of the uncontrolled separation, more 
a i r  has  to be removed to  obtain the same effect as described in Reference 9. 
If the single-bleed slot is located forward of the uncontrolled separation, 
then sufficient adverse pressure  gradient may exist to  still separate the 
boundary layer. 
Since separation occurs at different chordal locations for the hub, mean, 
and t ip sections as shown in Figures 34 and 35, a slot located at these separa-  
tion points could not be made with a simple planar cut. Fo r  simplicity of 
manufacture, it was decided to  specify planar-cut bleed s lots  and to  locate 
these slots at a constant percent chord along the blade span. Slot location 
was selected through a compromise, positioning the bleed slot a t  the aver-  
age of the maximum and minimum values of computed location (percent 
chord at Hi = 2.2) for hub, mean, and tip sections. This resulted in a slot 
location of 51.270 for the 0.75 Df stator and 60% for the 0.65 Df s ta tor  which 
was within f 1070 chord of the computed separation point along the span of both 
vanes. This is considered t o  be within the accuracy of the method of boundary 
layer separation location prediction. Furthermore,  the boundary layer can 
be reattached by slots  downstream of separation with increased bleed ra tes  
i f  required as noted in Reference 9. 
T o  determine the required bleed ra te  for maintaining attached boundary 
layers  to the trailing edge, three different bleed ra tes  were applied to  each 
stator.  The bleed ra tes  used were such that the mass  in 113, 112, and 213 
of the boundary layer  height w a s  removed at  the slot locations. Bleed mass  
flow rates ,  new momentum thicknesses, and new shape factors were cal-  
culated for each bleed rate using the described boundary layer growth pro- 
cedure; boua~dary layer  calculations were then res tar ted at the bleed slot 
location for each bleed rate. As Figures 37 and 38 show, in no case  did 
separation occur downstream of the bleed slot before 9570 chord (Hi S 2.2). 
This indicates that only one bleed slot is needed on each of these s ta tors  
and that a bleed flow ra te  corresponding t o  the m a s s  flow in 1 13 of the 
boundary layer  height a t  the slot location is adequate. 
An  examination of Figure 37 shows that increasing bleed rates from the 
113 boundary layer  height mass  removal resulted in negligible reduction in 
incompressible form factor. This is not surprising since approximately 
60% of the momentum deficiency is removed at  ( ~ ~ 1 8 )  = 0.33. Incompressible 
form factor results  for the (&/a) = 0.67 bleed case on the 0.65 Df s ta tor  a r e  
greater  than for  the lower bleed values as shown in Figure 38. It would be 
expected that the boundary layer growth, as affected by increasing bleed with 
r 
a fixed pressure  distribution, would become asymptotic to  a se t  of boundary 
layer distribution values without previous history. This would occur a t  zero 
momentum thickness. The anomaly indicated in Figure 38 is possibly caused 
by ei ther the no-slip velocity assumption o r  by the v i s c ~ i l s  clissipation becoming 
predominant in thin boundary layers. 
The  next step was the selection of slot geometry. The typical con- 
figuration is shown in the single-slot schematic of Figure 39. Bleed flow 
rate values for various slot heights and tangency angles was accomplished 
by accounting for ram recovery at  the slot inlet. The compressible flow 
data from Reference 10 was used to determine the relationship between bleed 
flow r a t e  and the ratio of slot inlet total pressure  to  s ta tor  core  total p res -  
sure. Total pressure  at the slot inlet, which includes ram recovery through 
kinetic energy head, w a s  evaluated as: 
where the slot inlet Mach number is assumed to be: 
This  approxilnate method is considered to be optimistic since bleed flows 
of 25 t o  30% of the boundary layer flow for a 0.33 S thickness removal r ep re -  
sents total pressures  nearer  to local static. A s  a net result ,  the slot width 
calculated for a given bleed flow and pressure  differential will be smal le r  
than the actual width required. This was considered favorable since facility 
vacuum capability was greater  than required. Therefore, in the event that 
boundary layer bleed ra te  requirement was less  than 0.338 , the smal le r  
slot width would stil l  provide a range of facility vacuum levels for  positive 
bleed control. 
Flow rate  through a narrow rectangular slot o r  airfoil  was calculated 
from results  of Reference 10 by: 
where the experimental flow coefficient is defined as : 
The aspect rat io coefficient, KA, co r rec t s  for  the slot end wall effects. 
In the  slot sizing calculations reported herein, KA was taken as 0.95. 
Reference 10 tabulbtes these values a s  a function of slot width t o  a r e a  rat ios.  
Portions of the blade span assigned to  the hub, mean, and tip section slots  
a r e  shown in Figure 48. 
Slot widths of 0.02, 0.03, and 0.04 inches and slot angles of 15, 30, and 
45 degrees  were analyzed for  both s ta tors .  The slot bleed flow resul ts  a r e  
shown in Figures 41 and 42 for each s ta tor  and a r e  plotted versus  s ta tor  row 
design inlet total p res su re  t o  core  total p res su re  ratio.  h his total p res su re  
ra t io  is meaningful for evaluation . ~ f  the slot -onfiguration with respect  t o  the 
facility vacuum capability. The core  total p res su re  was assumed to  be con- 
stant spanwise. Also shown in F i p r e s  41 and 42 is the m a s s  flow for r e -  
moval of boundary layer mass  cor*responding to 33% of the boundary layer  
thickness. 
For  a slotted vane, there  exists a cri t ical  flow limit on the bleed flow. 
This  is the flow which the minimum a r e a  in the bleed system will pass  at  
Mach 1.0. F o r  the slotted vanes designed here,  the minimum a r e a  is con- 
sidered to be the a r e a  subtended by the co re  c r o s s  section and inside diameter  
of the  trunnion tip. This subtended a r e a  is shown schematically in Figure 43 
and has an  a r e a  of 0.20 square inches. Twelve of the 38 s ta tor  vanes contain 
5-vane surface stat ic  pressure  tube leads passing through the subtended a r e a  
a s  shown in Figure 43. These five tubes a r e  tack welded to  the inside s u r -  
face of the trunnion with a metal s t r ap  resulting in an a r e a  blockage of 0.02 
square  inches. 
Resultant maximum bleed flows through the minimum a r e a  based on the 
core  total p res su re  at that bleed ra t e  a r e  shown i l  Figures 41 and 42. Since 
the facility minimum vacuum pressure  capability just downstream of the 
minimum a r e a  is estimated at 4.4 psia, the s ta tor  inlet total p r e s s u r e  to  
vacuum pressu re  ra t io  is gres.ter than 2.5. Therefore,  the maximum bleed 
flow ra t e  can be limited by the bleed slots  o r  by the blade trunnion tip a r e a  
shown in Figure 43. 
A slot width of 0.030 inches and a slot angle of 45 degrees  was chosen 
for both the single-slot 0.65 and 0.75 Df s ta tors .  This  choice was rriade t o  
ensure  that bleed flow would be sufficient to prevent separation and that bleed 
flow would be sensitive to core  total p ressure .  The  single-slot configurations 
a r e  summarized in Figure 39, 
For  the objective of increasing s ta l l  f r e e  operating range over the 
single-slot 0.75 Df stator ,  a three-slot bleed design was made for the second 
0.75 D s ta tor  vane. An initial design w a s  based on the principle of provid- 
ing a d istributed but uniform bleed effect from 4 1 t o  6 1% chord. This  design 
was subsequently discarded a s  a result  of mid-span suction surface stat ic  
pressure  measurements of an unslotted 0.75 Df s ta tor  in' Reference 11. 
Experimental surface pressure  coefficients from this  test  a r e  shown in 
Figure 44. The pressure  distribution shown in Figure 44b indicated that a 
bleed slot at about 2570 chord could possibly provide additional range a t  inci- 
dences grea te r  than zero  degrees. Slot location selections were then se t  a t  
25, 41, and 61.70 chord. 
In the tr iple-slot  design, the f i r s t  two bleed s lots  a r e  required to  
maintain attached flow t o  the following slot. The third slot is required t o  
maintain attached flow to the 9570 chord station o r  beyond. Required bleed 
flows can be minimized on this  basis such that the incompressible form 
factor at the next slot o r  950J0 chord station approached the separation value 
of 2.2. It was considered sufficient, however, to apply the 113 boundary 
layer  height m a s s  removal since the core  total p r e s s u r e  and, therefore,  
bleed flow r a t e  can be varied experimentally. The total bleed flow ra t e  was 
found t o  be 1.570 of the pr imary flow for ( ~ ~ 1 6 )  = 0.33 and incompressible 
form factors did not exceed 1.8. 
Bleed slot sizing for the three  s lots  in series configuration was based 
on the conditions that (1) slot heights will be equal, ( 2 )  slot angles will be 
45 degrees to  the surface tangent, and (3) core  total p res su re  is constant 
chordwise and spanwise, A se r i e s  of calculations were  then made on slot 
width over a range of core  total p ressures  as described for  the single-slot 
design. 
Results of the bleed flow calculations a r e  shown in Figure 45. A slot  
width of 0.009 inches for each slot was selected for  the same  assurances  of 
sufficient bleed, l e s s  than cri t ical  value, and sensitivity t o  co re  total p res su re  
a s  in t'-s single slot case. The three  slot configuration for  the 0.75 Df s ta tor  
is summarized in Figure 39. 
MECHANICAL DESIGN AND STRESS ANALYSIS 
Mechanical design of the test hardware for this project involved three 
basic a reas :  
Compressor blading 
End-wall boundary layer bleed system 
Required supporting structures and equipment 
These a r ea s  will be discussed f i r s t  in regard to  r i g  construction details and 
secondly in regard to s t r e s s  and vibration analysis. 
RIG DESIGN 
The general layout of the tes t  hardware is shown in Figure 46. Bearing 
loads a r e  carr ied to the external structure through radial s t ruts  of 410-type 
stainless steel  at inlet and exit. The inlet s t rut  is aerodynamically shaped 
and located sufficiently fa r  away from the blading to provide negligible flow 
disturbance into the inlet guide vanes. The exit s trut  is essentially radial 
and made from circuiar rods. Hub wall support s t ru ts  a r e  located a s  f a r  
downstream a s  mechanically possible and serve  a s  hub wall bleed ducts. 
There fo~e ,  a minimum internal a r ea  was required to pass the flow. The 
leading and trailing edge radii  of the bleed s t rut  a r e  equal to  half the strut  
thickness. Thrust loads a r e  car r ied  by the w a r  ball bearing which was 
sized for-a thrust load of 1320 pounds a 4  a radial load of 150 pounds with 
life expectancy greater than 20,000 hours at lOODJo speed. The forward 
rol ler  bearing has a life expectancy of one million hours at three hundred 
pounds radial load and 11070 speed. This bearing and i ts  related carbon 
face seals a r e  production parts  acquired from the Model 501-Dl3 commer- 
c ia l  engine program. 
The rotor is composed of the basic wheel disk, to which the blades a r e  
attached, with coned shafting on each side. This type of design gives ex- 
cellent vibrational characterist ics with low weight. The wheel disk and 
rotor  blades a r e  of 410 material and the coned shafts a r e  of a D-6 material  
for greater strer;.g+h. Blade attachment is by means of conventional dove- 
tails with pins to res t r ic t  axial movement in the slots. 
The hardware has been designed to p e r m i t  rapid changes of a l l  case  
components including inlet guide vanes, s tator van.es, and both inner and 
outer wall bleed system bands. The front and r e a r  supports a r e  held in 
relation to each other through an external t r am ra i l  support system. The 
case  assembly is split vertically and is supported from the t r a m  ra i l  system. 
The cases may be removed for stator vane configuration changes with the 
r i g  stil l  mounted o n  the test  stand without destroying rotor alignment. 
The inlet guide vanes, also of 410 material,  have been segmentized to 
permit  vane changes without removing the cases .  The 34 vanes a r e  divided 
into six segments of three  vanes each and four segments J A  four vanes each. 
Each segment may be removed from outside the case.  The vanes a r e  in- 
dividually adjustable within each segment, 
The s ta tor  vane mechanical design provides end-wall boundary layer  
bleed in the vicinity of the s ta tors  and permit.: manual reset t ing of the s ta tor  
blade angle. This is accomplished by attach coaxial c i rcular  section of 
the bleed wall skin to the stator  vane asseml This c i rcular  disk is r e -  
cessed into the remainder of the bleed wall .;embly, forming an  e s -  
sentially complete circumferential s t r ip  of . ,s wall at  both hub and tip 
of the vanes, Bleed a i r  passes through the porous wall into circumferential 
cavities. External hose fittings connected to the tip cavity a r e  provided be- 
tween each two successive stator  vanes, Equal length hoses connect these 
fittings to a tes t  stand vacL:Lii:l header. The hub bleed a i r  is ducted f rom 
the collection cavity to the hub wall s t ru t s  and out through these  hollow s t ru t s  
to a second vacuum header. 
Each of the bleed walls was required to pass 2.570 of the compressor  
inlet flow within a pressure  drop of 5 ps i  and st i l l  provide tes t  facility margin 
on vacuum capacity. A variety of commercial  porous mater ia ls  were  in- 
vestigated for  this application, but none me? the design requirement s. 
Therefore, i t  was necessary to fabricate special material.  A thin (0.010- 
inch) sheet of perforated metal with holes of 0.0135-inch diameter  was chosen 
for  the bleed walls. This hole s ize  could be photo-etched into the metal 
conveniently, and enough holes were included s o  that essentially uniform 
m a s s  removal effects on the boundary layer were produced. Final hole 
spacing of 0.062 inch on centers  was determined by flow testing. 
The s ta tor  vanes a r e  cas t  f rom Inc, 713 material.  Castings were chosen. 
because of the holloh vanes and the number of pieces required. The Inco 
713 material  was chosen because of known character is t ics  with ceramic  c o r e s  
and dimensional stability for this type of casting. The oversize hollow tip 
trunnion on the s ta tor  vanes is provided to pass the vane suction surface 
bleed. Equal length hoses connect these trunnions t o  a third vacuum 
header.  
An abradable coating on the compressor  cases  over the rotor  blade t ips 
permits  low running clearances between blade tips and case. The rotor  is 
designed with an  interference fit such that the rotor  blade tip will run  into 
the abradable coating a t  design speed. Radial growth due to  centrifugal force  
and temperature expangion a r e  considered. Nominal design clearance for 
this  rotor is -0.0025 inch a t  lOO'y0 speed and -0.0045 inch at  1100/0 speed. 
Nominal s tat ic  clearance is 0.0075 inch. 
STRESS AND VIBRATIOPJ ANALYSIS 
A s  a part  of the mechanical design of the tes t  rig, s t r e s s  and vibration 
analyses were conducted for the criticdl components. These analyses in- 
cluded the rotor system, stator vanes, and bearing supports with related 
structural  components. 
Rotor System 
The rotor  blades were analyzed to determine s t r e s se s  due to centrifugal 
and gas bending loads. A computei* program that calculates blade element 
a i r  loads and section properties at multiple radial locations was used in the 
analysis. A i r  loads were integrated spanwise and actual airfoil section 
properties were used to mathematically reproduce the relationship between 
fluid forces and blade geometry. Gas bending s t r e s se s  were calculated at: 
the leading and trailing edges and at the crown of the blade. The resul ts  of 
this analysis given in Figure 47 show that steady s ta te  blade element s t r a s s e s  
a r e  well within the design limits for the 410 stainless material  which has a 
yield strength of 102,000 psi. 
Additional blade calculations were made to determine f i rs t  and second 
bending and first torsional vibration frequencies. The overall range of f i r s t  
bending, shown in Figure 48,, is 405 to  525 cps between ze ro  and 110% design 
speed. F i r s t  torsion frequency is practically constant and is 113 5 cps  at the 
ll0OJ0 speed point. Second mode bending frequencies varied from 1620 to 1750 
cps. Lines representing engine orders  a r e  shown to perrnit identification of 
any zxcitation frequencies within the operating range such as inlet guide vane 
wakes o r  upstream bearing support s t ruts .  All calculated bending frequen- 
c ies  a r e  above the third engine order line and a r e  adequate in view of al l  
projected disturbances within the r l y  design. 
The blade attachment is a single-serration dovetail. S t resses  calculated 
in the dovetail a r e  listed in Table VI. 
The rotor wheel with attached conical drive shaft was sized to  reflect 
conservative wheel s t r e sses  and to limit r i m  radial  growth to values accep- 
table to blade tip aerodynamic performance characterist ics.  Final s t r e s s e s  
and r i m  growth a r e  shown in Figure 49. The wheel and conical drive shaft 
were analyzed together as an integral system with the interaction of forces  
and moments considered. The free-state radial  growth of the conical shaft- 
ing was greater  than the equivalent radial attachment point on the wheel with 
the result that the shafting was piloted to  the wheel. This design feature was 
utilized to ensure  that the bolt attachment was not loaded in shear.  Restrain- 
ing the shafting by the wheel pilot developed the shafting s t r e s se s  shown in 
Figure 50. These calculated s t r e sses  a r e  also wel; within allowab1.e s t r e s s  
limits of the material  which has a yield strength of 200,000 psi  a t  the tem- 
perature to which it is subjected in this application. 
Stator Blades 
The bleed type vane geometries represent  airfoil  sections which are  
slotted radially at multiple locations and, in many cases ,  reflect unsup- 
ported airfoil s t r ips .  The f i rs t  requirement for overall  vane s t r e s s  a s s e s s -  
ment was to assume the vanes to be hollow but with a continuous wall and 
calculate the bending s t r e s s  and natural frequency for pinned hub attach- 
ments.  The calculated frequencies a r e  well above known excitation engine 
o r d e r s  and the bending s t r e s s e s  a r e  quite low. Calculations for  both the 
0.65 and 0. 75 diffusion factor blading a r e  presented in Figures 51 through 
54. 
The second requirement was to examine the s t r e s s e s  and vibration f r e -  
quency of the s t r ips  formed by the single continuous slot, consi6ering the end 
and side fixities a s  applicable. The resul ts  of this investigation prompted 
a deflection analysis to determine the change in slot gap dimensions under 
operational conditions (Table VII) . 
This analysis indicates that basically the bending s t r e s s e s  and natural 
frequency of these airfoil s t r ips  lie in an a r e a  of little concern. The per -  
cent change in the static gap dimensions, shown in Table VII, was in most  
instances considered excessive with respect  to aerodynamic character is t ics  
for  all slotted airfoils. The decision was made that al l  airfoil  s lots  were  tr, 
have two intermediate ties.  This shortening of the s t r ips  reduced the de- 
flection directly by the third power of the length change and increased the 
frequency by the second power. All configurations were determined to be 
structural ly sound. 
Bearing Supports 
- 
The radia l  spring r a t e s  of the front and r e a r  bearing supports were 
calculated using a computerized solution of spoked, stiffened concentric 
cylinders. The resu l t s  of this calculation provided a spring ra te  of 1.3 
X 106 poundslinch a t  the front and 3.4 X l o 6  poundslinch at  the r e a r  support. 
Using these elast ic  bearing support ra tes ,  +\e sys tem cri t ical  speed is 
17,800 r p m  or 114% above design speed. Figure 55 presents  the r i g  system 
cr i t ical  speed in t e r m s  of a fixed spr ing ra t e  of the rear* support versus  
variable front support ra tes .  In addition, the external r i g  mounting sys tem 
w a s  investigated to  determine the elastic support content and was found 
to be almost completely rigid. 
Allison design practice specifies that calculated sys tem cr i t ical  speed 
must be in excess  of 140% design speed. This requirement has been satis- 
fied. 
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APF'ENDIX 
COMPRESSOR FLOW ANALYSIS 
The stage velocity diagrams were calculated taking into account radial 
gradients of entropy and radial velocity. The analysis was made on a be- 
tween blade row basis. Thus, the streamlines were assumed to form a 
smooth curvz joining the streamline points calculated in the between row 
planes. Three axial stations upstream and three stations downstream of 
the compressor a r e  also included in the calculation to help define the 
streamlines. 
Assuming axisymmetric flow between blade rows, the equation of radial 
equilibrium is: 
as The entropy gradient term, , is modified by using the following r e -  
b~ 
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o r ,  in this case, when integrating from a reference station Ri to R: 
Y 
BVr 
The radial velocity term, V, - , is difficult to  evaluate in this form be- 
a z  
cause the partial differential of Vr with respect  to z  is by definition at con- 
stant radius while the res t  of our calculations a r e  on a streamline basis. 
F o r  that reason, the curvature t e r m  is modified in the following manner: 
Therefore, the radial velocity gradient o r  curvature t e rm  is: 
To find the radial variation of axial velocity between blade rows, the 
radial equilibrium equation with the new t e rms  for entropy gradient and 
curvature is integrated from Ri to the next radius, which provides' the fol- 
lowing equation: 
where subscript i r e fe r s  to conditions at a reference station o r  radius. 
The conditions to solve this equation a r e  given to the computer in the 
following way. Case and hub geometry for  a l l  axial stations a r e  specified, 
including three  stations before the f i r s t  rcltor o r  IGV inlet and three  s ta -  
tions after the last  s ta tor  exit. These six extra  axial stations a r e  to better 
define the flow path at the compressor inlet and exit. The geometry is 
given a s  blockage factor, hub radius, and tip radius versus  compressor  
axial length. The increment of flow in each streamtube i s  specified to allow 
the computer to obtain intermediate radii. Mass flow, rpm, 3/ (rat io of 
specific heats), 4 (gas constant) and Cp (specific heat at constant p res su re )  
a r e  a lso  specified. The following i tems a r e  prescribed in polynomial form 
a,s function of radius: 
Total temperature--for f i rs t  four axial stations (including IGV inlet) 
Total pressure-same a s  total temperature 
A total temperature-across each rotor  versus  radius at  rotor  exit 
Rotor adiabatic efficiency-at each rotor  exit 
Stage adiabatic efficiency-at each s ta tor  exit 
Tangential velocity-inlet to each rotor  and at  the last s ta tor  exit 
Assuming the radial velocity is ze ro  at the inlet of the f i r s t  axial station 
(three ahead of rotor  o r  IGV inlet), the program can proceed through the 
machine solving radial equilibrium using an iterative method. After each 




If the velocity distribution obtained by the radia l  equilibrium equation 
does not satisfy continuity, the radial distribution is kept the same, but the 
level is changed to satisfy continuity. Another pass  is then made through 
the radial equilibrium equation using the new value for  the reference velocity. 
This process  is continued until both the continuity and radial equilibrium 
equations a r e  satisfied. 
Table I. 
Inlet guide vane design parar.eters. 


































































































Rotor blade properties. 














































Y O  
(degrees) 






















8 "  
(degrees) 
Incidence angle - camber variation for 65-series airfoil with 
53.9" flow turning, 1.7 solidity, and a= l  meanline. 
a. Method 1. Deviation at equivalent 0" incidence 



















Evaluated a t  flZE 
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Stator aerodynamic and airfoil geometric properties-65-series airfoil 
on circular arc  meanline. 
c = 3.00 inches. t /c  = 10% 
Table V. 
Comparison of stator exit flow angles calculated using 






























































































































Stztor vane slot deflection and natural frequencies without slot ties.  







Triple - slot vane 






(1) 0.00069 (open) 
(1) 0.00223 (closed) 
(2) 0.00719 (closed) 
(3) 0.0096 (open) 
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Midstage pressure ratio, Rc 
5636-2 
Figure 1. Midstage stator hub and rotor tip loadings for (R /R ) = 0.7. 
T 2  
Midstage pressure ratio, R, 
Figure 2. Preliminary design study-stator hub Mach 
number and turning angle. 
Radius ratio, (R/R 
T.2 
Figure 3. Rotor design total pressure loss coefficient distribution. 
Equivalent diffusion ratio, D& 
Fwe 4. Wake momentum thickness with and without boundary layer control. 
Diffusion factor, Df 
Figure 5. Comparison of annular and two-dimensional cascade losses. 
Radius ratio, (R/RT) 
2 
Figure 6. Rotor design radial work gradient. 
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Figure 7. Velocity diagrams for flow generation rotor. 
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Figure 9. Velocity diagrams for 0.65 hub Q stator. 
Radius ratio, (R/Rw). 
a. Design inlet guide vanes 
Radius ratio, (R/R=)~  
5636- 11 
b. Off-design inlet guide vanes 
Figure 10. Inlet guide vane total pressure loss coefficierit distribution. 
0.8 
Radius ratio, ( R / R ~ )  
Figure 11. Stator design total pressure loss coefficient distribution. 
Figure 12. Test rig flow path. 
Figure 13. Velocity triangle compreesible-incompressible relationship 
for compressibility ebf ect. 
Equivalent circular arc camber,+ - degrees 
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Figure 14. Air turning angle as a function of equivalent circular arc 
camber with p2 = 45" and c = 1.0. 
Equivalent circular arc camber, gcdegree8 
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5636-16 
Figure 15. Air turning angle as a function of equivalent circular arc 
camber with @a = 60" and cr = 1.0. 
Equivalent circular arc camber,#- degrees 
Lift coefficient, C 
Lo 
Figure 16. Air turning angle as a function of equivalent circular arc 
camber with 4 = 60' and w = 1.5. 
Incidence angle, i - degrees 
Angle of attack, a - degrees 
Figure 17. Estimated 0.75 hub Df stator performance with and 
without boundary layer control. 
Equivalent circular arc camber, # - degree8 
Lift coefficient, C L ~  
5636- 19 
Figure 18. Drag coefficient as a function of equivalent circular arc 
camber for p2 = 60' and v = 1.5. 
I Equivalent circular arc camber, $-degrees 
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Figure 19. Stalling incidence and onset of leading edge velocity 
peak forJ12 = 45" and u = 1.0. 
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Figure 20. Stalling incidence and onset of leading edge velocity 
peak for p2 = 45' and 0 = 1.5. 
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Lift coefficient, C Lo 5636-22 
Figure 2 1. Stalling incidence and onset of leading edge velocity 
peak for p1 = 60' and c = 1.5. 
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Figure 22. Crossplot for stator incidence and camber selection. 
Percent airflow 
5636-2 
Figure 23. Estimated flow generation rotor performance with design inlet guide vanes. 
Incidence angle, i- degrees 
Figure 24. Operating range of 0.65 hub Df stator at 
design inlet Mach numbers. 
Incidence angle, i - degrees 
Figure 25. 0.75 hub Df stator operating range at design 
inlet Mach numbers. 
Positive value indicates that 
stator stalls before rotor 
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Figure 26. Margin between stator design inlet angle and stator Met 
angle at rotor stall-design inlet guide vanes. 
60 70 80 
Percent design speed 
Figure 27. Margin between stator design inlet angle and stator inlet 
argle at rotor choke point - design inlet (guide vanes. 
80 9Q 
Percent airflow 
Figure 28. Estimated flow generation rotor performance with off-design inlet guide vanes. 

Positive value indicates that 
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60 70 80 
Percent design speed 
Figure 30. Margin between stator design inlet angle and stator 
inlet angle at rotor stall-off -design inlet guide vanes. 
Lift coefficient, C 
Lo 
Figure 3 1. Typical cascade airfoil pressure coefficient variation. 
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5636-33 
Figure 32. 0.75 hub Q stator pressure distribution. 
Percent chord 
5636-34 
Figure 33. 0.65 hub Df stator pressure distribution. 
Percent chord 
Figure 34. Incompressible boundary layer form factor for 0.75 Df stator. 
Percent chord 
Figure 35. Incompressible boundary layer form factor for 0.65 Df stator. 
Figure 36. Boundary layer schematic at bleed slot location. 
Percent chord 
Figure 37. Incompressible form factor distribution downstream, d bleed slot for 
0.75 Df stator 
Percent chord 
Figure 37. Incompressible form factor distribution downstream of bleed slot for 
0.75 DG stator 
Percent chord 
Figure 37. Incompressible form factor distribution downstream of bleed slot for 
0.75 Df stator 
Percent chord 
Figure 38. Incompressible form factor distribution dcwnstream d bleed slot for 
0.65 Df stator 
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Figure 38. Inconipressible form factor distribution downstream of bleed slot for 
0.65 Df stator 
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Percent chord 
Figure 38. Incompressible form factor distribution downstream of bleed slot for 
0.65 Df stator 
5658-43 





































Note: All dimensions are in inches 
Tlp section 
Figure 40. Portions of blade span assigned to hub, mean, and tip 
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Figure 41. Single-slot bleed flow for various slot configurations 
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Figure 42. Single-slot bleed flow for various slot configurations 
for 0.65 Df stator. 
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5658-47 
Figure 43. Schematic of minimum area in blade suction path. 
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Figure 44a. Unslotted stator suction surface static pressure distribution at 
80% speed and 5Wo :-"reamline. 
Percent chord 
5658-49 
Figure 44b. Unslotted stator suction surface static pressure distribution at 8@& speed 
and 5w0 streamline. 
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Figure 45. Triple-slot bleed flow for various slot heights 
in. 
in. 
for 0.75 Df stator. 
Vane bleed 
Figure 46. Layout of component test rig. 
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Figure 47. Rotor blade stresses. 
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Percent rotor speed 




Figure 49. Rotor wheel disk stresses at design speed. 
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Figure 50. Coned drive shaft stresses at design speed. 
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Figure 51. 0.65 hub L)f vane bending stress (unslotted and pinned). 
Percent rotor speed 
Figure 52. 0.65 hub Df va.ne frequency (unslotted and pinned). 
Figure 53. 0.75 hub Df vane bending stress (urnlotted and pinned). 
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Figure 54. 0.75 hub Df vane frequency (unslotted and pinned). 
Front support spring rate x 10'~-lb~/in. 
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Figure 55. Test rig critical speeds. 
